We have isolated two spontaneous mutations that increase the expression of the Tn9-derived cat gene in Bacillus subtilis. These mutations, which appear to affect initiation of translation of chloramphenicol acetyltransferase (CAT; acetyl-CoA:chloramphenicol 3-O-acetyltransferase, EC 2.3.1.28), consist of a tandem duplication and triplication of a 55-base-pair sequence located at the 5' end of cat. Included in the repeated sequence are the Shine-Dalgarno site, initiation codon, and a region of dyad symmetry located within the structural portion of the cat gene. A striking feature of the mutated initiation sites is their potential to form stem-loop structures at the 5' end of the cat messenger RNA. Within the single-stranded loops of these structures are the ribosome binding site and initiation codon for the cat gene. It appears that the Gram-negative cat translation initiation site has mutated to permit efficient utilization in B. subtilis without directly affecting Shine-Dalgarno sequence homology. This report suggests that secondary structure in the vicinity of the ShineDalgarno site can exert a strong positive influence on the initiation of translation in B. subtilis.
Tn9-derived chloramphenicol acetyltransferase (cat) gene was among the first Gram-negative genes to be expressed in the Gram-positive spore former Bacillus subtilis (1) . This was achieved by fusing B. subtilis chromosomal promoters and translation initiation sites to the coding sequence of the cat gene. These gene fusions were constructed using pGR71, a plasmid that replicates in B. subtilis and Escherichia coli, confers kanamycin resistance (Kmr) to both hosts, and contains a promoterless cat gene cartridge preceded by a HindIII cloning site. Close and Rodriguez (2) have shown that the cat cartridge, because it retains its native translation initiation site, can be expressed in E. coli when promoters are inserted upstream of the coding sequence. Because the cat translational initiation site functions poorly in B. subtilis, attempts to express chloramphenicol acetyltransferase (CAT; acetyl-CoA:chloramphenicol 3-O-acetyltransferase, EC 2.3.1.28) in B. subtilis result almost exclusively in aminoterminal protein fusions to CAT (3) .
Rabinowitz and co-workers (4) have proposed that B. subtilis ribosomes lack the ability to translate E. coli mRNA because of weak homology between the heterologous mRNA and the 3' end of B. subtilis 16S rRNA, the latter being virtually identical to the E. coli sequence. By this criterion an ideal Shine-Dalgarno sequence A-A-A-G-G-A-G-G-U-C (5) would have a calculated free energy of double-helix formation (AGf) with 16S rRNA of about -24 kcal/mol (6) . Most Gram-negative sites have AGf values of about -12 kcal/mol, while those values available for Gram-positive sites are closer to -17 kcal/mol (4) . The AGf for the Shine-Dalgarno sequence closest to the cat structural gene is -10.6 kcal/mol, well below the average Gram-positive value. Therefore, to obtain high level expression of native-sized CAT in B. subtilis, it was reasoned that the native translation initiation site would have to be altered before it could be used by B. subtilis ribosomes.
We have isolated a number of spontaneous chloramphenicol-resistant (Cmr) mutants of B. subtilis that involve plasmid DNA rearrangements. Some of these rearrangements mapped to the cat translation initiation site. One might expect that these up-expression mutants would involve base substitutions that increased the AGf of the cat Shine-Dalgarno sequence. The mutants we obtained did not involve such changes but, rather, created the potential to form secondary structures in the mRNA. We propose that these changes contribute to stronger ribosome-mRNA interactions by making the native cat ribosome binding site more accessible to the B. subtilis ribosome.
MATERIALS AND METHODS Bacterial Strains. E. coli K-12 strain HB101 (F-, pro, leuB, thi, lacY, ara-14, galK2, xyl-S, mtl-i, supE44, hsdR, hsdM, endoI-, recA-) and B. subtilis 168 strain BD630 (leu, metB-5, hisH-2) were used for all studies. The plasmids pXJ002 and pC194 were kindly provided by John Rossi and Bernard Weisblum, respectively. The plasmid pMG201 was obtained from Michael Gilman and was used as a source of the P201 promoter-containing fragment. The plasmid pUC8 and phage M13mp9 (and host strains) were obtained from J. Messing. Luria broth medium (10 g of Difco Bactotryptone, 5 g of Difco yeast extract, 10 g of NaCl per liter) was used for growth and maintenance of cells.
Procedures. Plasmid DNA isolation, gel electrophoresis, CAT assays, transformations, and use of restriction enzymes were done according to procedures described by Rodriguez and Tait (7) . Cohesive and blunt-end ligation conditions and the preparation of T4 DNA ligase were carried out according to the methods of Tait et al. (8) . The ends of the 137-base-pair (bp) Pmbo6 promoter-containing DNA fragment from pC194 was converted to HindIll sites by the blunt-end ligation of synthetic HindIII linkers (P-L Biochemicals). A 292-bp EcoRI fragment from pXJ002 (9), containing the chemically synthesized E. coli "consensus promoter" (P42), was converted to a 74-bp HindI1 fragment by cloning into the EcoRI site of pUC8. Nucleotide sequence analysis of the duplicated and triplicated regions in pGR71 was carried out using the methods of Maxam and Gilbert (10) . Immunoblot analysis of CAT polypeptides expressed in B. subtilis was performed as described (3) . Fig. 6 ) were assayed for CAT activity as described (7) .
RESULTS
Isolation of pGR72 and pGR73 from pGR71. Previous studies (3) ing a plasmid chimera, pGR71-P201, that involved the insertion of a 1.6-kilobase (kb) HindIII fragment from the B. subtilis chromosome into pGR71 (Fig. 1 ). This fragment, P201, is transcribed by the :Y8-containing DNA-dependent RNA polymerase from B. subtilis (12) . Although pGR71-P201 confers Cmr to E. coli (50 ,g/ml), B. subtilis cells bearing the plasmid do not grow on chloramphenicol at 5 ,ug/ml. Repli (1) . One Cmr transformant, however, contained a plasmid mutation that mapped to the 5' end of the cat gene. DNA sequence analysis defined this mutation as a 55-bp tandem duplication of nucleotides -12 to +43 (Fig. 2) . As shown in Fig. 2 , the duplication generates tandem copies of the native Shine-Dalgarno sequence, initiation codon, and the first 43 bp of the cat structural gene (141/3 codons).
Once separated from P201, the vector was designated pGR72 and was used for subsequent studies. Reconstructed pGR72-P201, unlike pGR71-P201, confers Cmr (and Kmr) to both E. coli and B. subtilis.
In an independent series of experiments, another plasmid mutant was isolated that also conferred Cmr (5 qg/ml) to B.
subtilis. When the 5' end of the cat gene in this mutant plasmid was sequenced, a tandem triplication of the same 55 bp previously duplicated in pGR72 was found (Fig. 2) . The vector reconstructed from this mutant plasmid was designated pGR73 (Fig. 2) and was also used for subsequent studies.
Derivatives of pGR71, pGR72, and pGR73 That Contain Two Well-Characterized Promoter Fragments. To study the expression of CAT by pGR71, pGR72, and pGR73 in B. subtilis, the P201 promoter fragment was replaced with two welldefined DNA fragments that contain promoters but no translation initiation sites (Fig. 3) . One of these fragments (a 74-bp HindIII fragment) contains a chemically synthesized E. coli consensus promoter (9) , based on the work of Rosenberg and Court (13) . The other fragment corresponds to the sixth largest restriction fragment in an Mbo II digest of pC194 DNA (14) . This fragment (subsequently converted to a 145-bp HindIII fragment) contains the promoter for a Gram-positive cat gene that begins 51 bp downstream from the rightward Mbo II site.
Each promoter-containing DNA fragment was ligated into the HindIII sites of pGR71, pGR72, and pGR73, respectively. The products of the ligations were used to transform competent cells of E. coli HB101. After the correct (i.e., forward) orientation of each promoter-containing fragment was verified by restriction endonuclease digestion (data not shown), the plasmid DNA was used to transform competent cells of the B. subtilis strain BD630. Transformants were selected on kanamycin-containing medium and were replicaplated on medium containing chloramphenicol to test for Cmr. CAT specific activity (nmol min-' mg-') is expressed as percent of activity found in E. coli bearing pBR328. Plasmid pBR328 carries the native cat gene from Tn9 and expresses 1200 units of CAT when the assays are done using logarithmically growing cells.
pGR71, pGR72, and pGR73 were determined by enzyme assay of cell-free extracts of E. coli and B. subtilis transformants ( Table 1 ). The results of these assays indicate that the relative levels of CAT activity in cells bearing the three vectors are pGR73 > pGR72 > pGR71 in B. subtilis and pGR71 > pGR72 > pGR73 in E. coli. Essentially the same results were obtained with either the P42 or Pmbo6 promoter fragments.
As shown in Fig. 2 , the ATG translational start codon (and Shine-Dalgarno sequence) for pGR71-encoded CAT is preceded by an additional ATG codon in pGR72 and by two extra ATG codons in pGR73. To determine the approximate size of the CAT polypeptides made in B. subtilis by the different promoter-containing pGR-derivatives, total cell protein from plasmid-containing cells was isolated and subjected to immunoblot analysis using 125I-labeled anti-CAT rabbit antiserum (3) . The results of this study show that both P42 and PmbO6 promoters are capable of expressing native-sized CAT in B. subtilis (Fig. 4) . Furthermore, the amounts of CAT expressed by pGR73-P42 and pGR72-P42 were noticeably greater than that expressed by pGR71-P42 and the three Pmbo6 pGR-derivatives. These gel electrophoresis results are generally consistent with the CAT activities shown in Table  1 and with the idea that translation of CAT in B. subtilis initiates at the ATG codon nearest the coding sequence of the cat gene. Amino acid sequencing studies have shown that the first 12 residues (at the amino-terminal end) of a pGR72-encoded CAT isolated from B. subtilis are identical to those residues found at the beginning of native CAT isolated from E. coli (data not shown). Table 1 ) are shown on the right. Shine-Dalgarno core sequences (AGGA) are indicated by heavy underlines; potential initiation codons and secondary structures are indicated by thin underlines. Only one-half of the potential stem-loop structure shown in Fig. 2 (and Fig. 6 ) is shown in this figure. N.D. , not detectable.
Deletion Analysis of pGR72. Several mechanisms can be invoked to explain the activation in B. subtilis of the cat translation initiation site by the mutations described above. For instance, increased translation efficiency could be due to the ability of secondary structures at the 5' end of the cat mRNA to protect the mRNA from degradation and thus increase its half-life in B. subtilis. Alternatively, the binding of B. subtilis ribosome subunits to SD3 and SD2 (see Fig. 2 ) could potentiate, in some unknown way, the efficient translation of CAT from SD1. To investigate these other possibilities, the duplicated region in pGR72 was subjected to deletion analysis. As shown in Fig. 5 , seven overlapping deletions, ranging from 11 to 75 bp, were isolated and the plasmids carrying the corresponding deletions were designated pLRdl1, -14, -20, -24, -48, -64, and -75. Only deletions of 48 bp and larger affect the expression of the cat gene to any significant degree. The deletion carried in pLRd48 resulted in a 5-fold and 125-fold reduction in cat gene expression in E. coli and B. subtilis, respectively. Deletion plasmid pLRd75 confers no detectable expression of CAT in either organism. In the case of transformants harboring pLRd64, CAT expression in E. coli increased almost 4-fold, whereas in B. subtilis, it decreased by a factor of -30.
DISCUSSION
We have isolated and characterized two plasmid mutations that involve the duplication (pGR72) and triplication (pGR73) of 55 bp of DNA at the 5' end of the E. coli Tn9-derived cat gene. These mutations appear to increase the translation efficiency of cat mRNA in B. subtilis. While the molecular mechanism responsible for this effect remains unclear, it is associated with nucleotide sequence rearrangements in the translation initiation site for cat. The results presented in this paper bear on two important issues in the area of prokaryotic gene expression: (i) the translation barrier to the expression of Gram-negative gene in B. subtilis; and (ii) the role of mRNA secondary structure in the initiation of translation.
Barriers to Heterologous Gene Expression. Our findings agree with in vitro studies that demonstrate that while E. coli ribosomes can translate both homologous and heterologous mRNAs, B. subtilis ribosomes show a strong preference for homologous Gram-positive mRNA. To explain this difference, it has been suggested that Gram-positive mRNAs have a more extensive Shine-Dalgarno sequence with greater complementarity to the 3' end of the 16S rRNA than do Gram-negative mRNAs (4, 15) . These and other studies (16) suggest that B. subtilis ribosomes require a stronger interaction between 16S rRNA and mRNA than Gram-negative ribosomes in order to initiate translation. The results presented here demonstrate that mRNA-rRNA interaction can also be strengthened by amplifying existing translation signals without any increase in the Shine-Dalgarno sequence homology.
Like other Gram-negative genes, the E. coli cat gene is not heterologously expressed in B. subtilis (3) . When the E. coli cat promoter is replaced by B. subtilis promoters (with or without translation initiation sites), the synthesis of nativesized CAT protein is limited by the ability of B. subtilis ribosomes to use the cat translation signals efficiently (i.e., translation barrier). However, the observation that cat mRNA made from pGR71-P42 and pGR71-PmbO6 is weakly translated in B. subtilis (Fig. 4) indicates that, although the barrier to cat gene translation is not absolute, it may reflect some important qualitative difference between the translational machinery of Gram-positive and Gram-negative organisms.
For example, E. coli ribosomes may require the precise positioning of the Shine-Dalgarno sequence for optimal translation (17), while translation in B. subtilis may depend on the presence and size of mRNA secondary structures within the translation signal as well as on Shine-Dalgarno sequence homology (18) . This idea is supported by the CAT activity data obtained for the pGR-series and pLR-series plasmids in E. coli. These data indicate that the nucleotide sequence rearrangements that increase CAT expression in B. subtilis also act to decrease expression of CAT in E. coli (Table 1) . Since the cat genes in pGR71, pGR72, and pGR73 are preceded by wild-type translation initiation sites (SD1 in Fig. 2) , the decreased expression of CAT in E. coli must result from the additional nucleotides at the 5' end of the cat mRNA. Indeed, when these additional bases are deleted (pLRd64, Fig. 5 ), CAT expression in E. coli increases.
mRNA Secondary Structure. Involvement of mRNA secondary structure in translation initiation is not a new idea. Most of the 29 initiation sites examined by Selker and Yanofsky (19) had nucleotide sequences that potentially could form stem-loop structures similar to the one in pGR72 (Fig.  6 ). These mRNA secondary structures are believed to restrict translation by sequestering initiation sites within the stem of the stem-loop structures (20) until the stem is disrupted by the formation of alternate structures (21) or by translation read-through (22 alternate stem-loop structures at the 5' end of the cat mRNA (Fig. 6 ). In addition to the structures pGR73-A and pGR73-B, a large single stem-loop structure can be formed by pairing stem arms 1 with 6, 2 with 5, and 3 with 4 (not shown). The striking feature in all of these hypothetical structures is the location of the cat ribosome binding site (SD1 in Fig. 2 ) and the initiation codon in the single-stranded loop. Deletion analysis of the duplicated region in pGR72 (Fig. 5 ) revealed that SD2 (see Fig. 2 ), which is located outside the single-stranded loop (shown in Fig. 6 ), is not required for high level cat gene expression in B. subtilis. However, deletions that extend up to the base (pLRd48) and into the stem (pLRd64) of the stem-loop structure dramatically reduce CAT expression in B. subtilis. Therefore, we would like to suggest that secondary structures that place translational signals in the loops of stem-loop structures increase the efficiency of translation in B. subtilis. These stem-loop structures could facilitate the formation of translation initiation complexes in B. subtilis by increasing hybridization of 16S rRNA and fMet-tRNA with the ribosome binding site on the mRNA. This could explain why secondary structures in the mutated translation initiation sites of pGR72 and pGR73 compensate for weak Shine-Dalgarno sequence homology in the cat gene. Why this structural feature would decrease the translation efficiency of cat mRNA in E. coli is not known.
